Fully relativistic first-principles calculations based on density functional theory are performed to study the spin-orbit-induced spin splitting in monolayer systems of the transition-metal dichalcogenides MoS 2 , MoSe 2 , WS 2 , and WSe 2 . All these systems are identified as direct-band-gap semiconductors. Giant spin splittings of 148-456 meV result from missing inversion symmetry. Full out-of-plane spin polarization is due to the two-dimensional nature of the electron motion and the potential gradient asymmetry. By suppression of the Dyakonov-Perel spin relaxation, spin lifetimes are expected to be very long. Because of the giant spin splittings, the studied materials have great potential in spintronics applications.
I. INTRODUCTION
When electrons move through an effective magnetic field induced by an electric field perpendicular to the direction of motion, lifting of spin degeneracy is expected. Spin splitting by spin-orbit interaction results from the asymmetrical potential gradient (the electric field) in the vicinity of atomic sites. 1 Two alternative mechanisms exist for this spin-orbit spin splitting, related to different sources of the electric field asymmetry: (i) the host crystal field (Dresselhaus effect) 2 and (ii) the interface or surface electric field (Rashba effect). 3 Both cases can be utilized in spintronics devices. [4] [5] [6] Application, however, is hampered by the modest spin-orbit interaction of the currently available materials, which necessitates low temperatures for device operation, long channel lengths, and ultrahigh purity materials to avoid spin-flip scattering. 7 In this respect, materials with an enhanced spin-orbit-induced spin splitting are highly desirable.
The semiconducting transition-metal dichalcogenides MX 2 (M = Mo, W and X = S, Se) have attracted a great deal of interest because of distinctive electronic, optical, and catalytic properties as well as the importance for dry lubrication. [8] [9] [10] [11] [12] [13] [14] The materials crystallize in a layered 2H prototype structure with space group P 6 3 /mmc (D 4 6h ), which consists of weakly van der Waals-bonded X-M-X slabs. 15, 16 In such a slab, an intermediate layer of hexagonally arranged M atoms is sandwiched between two layers of X atoms due to strong ionic-covalent bonds, giving rise to a trigonal prismatic arrangement. The quasi-two-dimensional nature of the 2H -MX 2 compounds enables the creation of a stable MX 2 monolayer by micromechanical cleavage and liquid exfoliation. 17, 18 The trigonal prismatic coordination of the bulk is maintained, whereas the symmetry of an MX 2 monolayer is reduced to P6m2 (D 1 3h ) because of a loss of inversion symmetry. Recent experiments by optical spectroscopy have shown an indirect-direct-band-gap transition in MoS 2 , due to a missing interlayer interaction. 12 A field-effect transistor based on a MoS 2 monolayer is described in Ref. 13 . An illustration of the 2H -MX 2 unit cell and Brillouin zone is given in Fig. 1 .
We report fully relativistic calculations within density functional theory on the spin-orbit-induced spin splitting in monolayers of the four transition-metal dichalcogenides MoS 2 , MoSe 2 , WS 2 , and WSe 2 . For all these systems, we obtain a direct-band-gap semiconductor with the valence-band maximum (VBM) and conduction-band minimum (CBM) located at the K point. A sizable spin splitting due to the spin-orbit interaction is found, and its implications for the material properties are analyzed.
II. METHODOLOGY
We apply the full-potential linearized augmented-planewave approach of the WIEN2K code, 19 which has been used successfully in various instances for describing low-dimensional systems. 20, 21 A periodic slab geometry with a 30-Å-thick vacuum layer is used. Both the in-plane lattice constant a and the positional parameter z are optimized up to a force convergence of 0.5 mRy/Bohr. For comparison, the electronic band structures of the bulk compounds are calculated with the experimental lattice constants a and c and the optimized z value. The same values of R mt = 2.1 a.u., R mt K max = 7, and max = 10 and exchange-correlation functional 22 are used in each calculation. Concerning the reciprocal space, 16 × 16 × 1 and 16 × 16 × 3 meshes are employed for the monolayer and bulk systems, respectively. The spin-orbit coupling is included in terms of the second-variational method with scalar-relativistic orbitals as a basis.
Structural deformation is expected to affect the MX 2 monolayer systems due to absence of the van der Waals interlayer interaction, 17, 23, 24 although the latter usually is weak. The lattice parameters of the fully relaxed monolayer systems are shown in Table I and compared to the bulk materials. The optimized positional parameters of the latter are close to the experimental value of z = 0.129. 25 Experimental data are not available for free monolayers. Our data point to an expansion of a by about 1%, whereas the separation d of the M and X layers hardly changes, except for a 0.3% decrease for WS 2 .
III. RESULTS AND DISCUSSION
Electronic band structures are calculated for both the MX 2 monolayers, compare Figs. 2(a)-2(d), and the corresponding bulk materials (not shown here). The absence of interlayer interaction leads to strong modifications of the electronic and optical properties in all the monolayer systems. They are found to be direct-band-gap semiconductors with the VBM and CBM at the K point of the Brillouin zone, in contrast to the indirect band gaps of the bulk materials with the VBM at the point and the CBM at about 0.55 -K. 15, [25] [26] [27] [28] [29] [30] An indirect-directband-gap crossover with decreasing sample thickness has been exemplified for MoS 2 experimentally. 12 While the CBM of a WS 2 monolayer has not been studied, a shift of the VBM from the to the K point due to the absence of interlayer interaction has been demonstrated by angle-resolved photoelectron spectroscopy. 29 There is no experimental information available for the Se monolayers. However, because of similar crystal structures as well as chemical compositions and the good agreement between theory and experiment for MoS 2 and WS 2 , we expect our results to be accurate also for these systems.
Turning to the spin-orbit interaction, Kramer's degeneracy
. 31, 32 However, the absence of inversion symmetry in an MX 2 monolayer system is expected to cause the energy bands to develop a spin splitting, except for k points with special symmetry in the Brillouin zone. As shown in Figs. 2(a)-2(d), the spin-orbit interaction breaks the spin degeneracy of the valence and conduction bands along the line -K. The materials exhibit a similar behavior but different magnitudes of the spin splitting. As it has the most prominent splitting, we will concentrate on WSe 2 in the following. The quantum confinement in our quasi-two- Monolayer Bulk dimensional monolayers leads to very small dispersions (<1 meV) of the electronic bands along k z . Therefore, all features of the band structure are covered by the k z = 0 plane.
Before continuing with the discussion of our numerical results, we briefly study the spin splitting by symmetry arguments. Spin degeneracy at the point results from the timereversal symmetry alone. 32 A combination of time-reversal and translational symmetry results in zero splitting at the M point, whereas the spin splitting of a general k point is determined by time-reversal and D 3h point-group symmetry. The D 3h group combines the C s , see Fig. 1(a) , and C 3v , see Fig. 1(b) , symmetry groups. Considering the pure in-plane nature of the electron motion in our systems due to the quantum confinement, the C 3v symmetry alone leads to the spin splitting,
with the spin polarization vector
Here, the out-of-plane and in-plane potential gradient asymmetries are represented by the coefficients α > 0 and β > 0, respectively. The subscripts + and − denote spin-splitted states with higher and lower energy at the VBM. An additional C s symmetry dictates α(k ) = 0, which leads to the spin splitting (k ,θ ) = β(k )| sin 3θ | and a full out-of-plane spin polarization P ± (k ,θ ) = [0,0,sgn(∓ sin 3θ )].
The above symmetry arguments are partially reflected by our first-principles results. In Figs. 3(a) and 3(b) , we address the magnitude of the spin splitting in the k z = 0 plane of the WSe 2 monolayer for the uppermost valence band (UVB) and the lowermost conduction band (LCB), respectively. A C 6 symmetry is clearly visible. Zero spin splitting is seen for θ = nπ/3, n ∈ N 0 , which is consistent with the spin degeneracy of our band structure along the high-symmetry line -M; see Fig. 2 . The maximal spin splitting always appears for θ = (2n + 1)π/6 due to the | sin 3θ | dependence of . In Figs. 3(c)-3(e) , we give energy isosurfaces for the binding energies 0.2, 0.5, and 0.8 eV. By the alternating spin orientations (indicated by different colors), the symmetry is reduced to C 3 , which agrees with the sin 3θ dependence of the spin polarization. The full out-of-plane spin polarization is a consequence of the pure in-plane electron motion and the potential gradient asymmetry. As a result, unusually long spin lifetimes are expected for spins normal to the MX 2 monolayers, since the Dyakonov-Perel spin relaxation is suppressed. 34 We show in Figs. 4(a) and 4(b) the k dependence of the spin splitting for the UVB and the LCB along the line -K, where the maximal splitting is found. Both bands exhibit a complicated behavior. For the UVB, (k ) first becomes slightly negative and then rises continuously up to its maximum (456 meV) at the K point. For the LCB, (k ) changes its sign several times, with a steep minimum about midway and a local minimum at the K point. These results are in line with the distributions shown in Figs. 3(a) and 3(b) . We observe a similar behavior also for the other three compounds under investigation, but with different magnitudes of the spin splitting. The maximal spin splitting of the UVB at the K point amounts to 148, 183, 426, and 456 meV for the MoS 2 , MoSe 2 , WS 2 , and WSe 2 monolayer, respectively. For X = Se the splitting is slightly larger than for X = S, while for M = W it is much larger than for M = Mo. This observation originates from the fact that the spin-orbit coupling is stronger for heavier atoms. The magnitude of the spin splitting in our MX 2 monolayer systems is much larger than typical values for the Rashba spin splitting in the two-dimensional electron gas of conventional III-V and II-VI semiconductor quantum wells (<30 meV). 35, 36 Instead, it is fully comparable to the enhanced surface Rashba splitting (of some 100 meV) in Au(111), 31 Bi (111), 32 Pb/Ge(111), 37 Bi 2 Se 3 (001), 38 and W(110) (Ref. 39) surfaces. An explanation of the observed k dependence of is provided by an investigation of the orbital contributions to the UVB and LCB. For the WSe 2 monolayer system, results on the Se and W contributions are shown in the bottom panels of Fig. 4 Fig. 1(b) . The competition is also visible in the spin-splitting behavior of the LCB. As the LCB at the K point is dominated by the W d 3z 2 −r 2 states, is much smaller than for the UVB.
From an applications point of view, the UVB is more promising than the LCB due to the enhanced spin splitting. Transport should rely on states close to the K point (maximal ), while admixtures of states close to the point have to be avoided. Accordingly, the energy difference between the UVB at the point and at the K point (δE -K ) should be as large as possible. From Fig. 1 Figs. 3(c)-3(e) , the character of the energy isosurface changes quite strongly with the binding energy, due to a finite value of δE -K . For a binding energy of 0.8 eV, spin-splitted hole pocket pairs are found around the and K/K points, pointing at a transport through mixed electronic states with large and small spin splittings. The K/K pair shows a much larger separation between the two spin orientations than the pair, which is in accordance with an enhanced spin splitting at the K/K point. For a binding energy of 0.5 eV, the pair vanishes since the energy at the point is below E F − δE -K . For a binding energy of 0.2 eV, only one spin species remains available near the K/K point. Interestingly, the electronic states with binding energies below δE -K act as half-metallic states for k vectors directed to the corners of the first Brillouin zone.
IV. CONCLUSION
In conclusion, the spin-orbit-induced spin splittings in monolayers of the transition-metal dichalcogenides MoS 2 , MoSe 2 , WS 2 , as well as WSe 2 have been investigated by firstprinciples calculations, employing density functional theory. All four of our monolayer systems are identified as directband-gap semiconductors. Both the VBM and CBM appear at the K point of the Brillouin zone. It is found that spin-orbit coupling induces spin splittings of up to 456 meV at the VBM due to a loss of the inversion symmetry of the bulk compounds in the monolayer case. Mainly the transition-metal d x 2 −y 2 + d xy states turn out to be responsible for the giant spin splitting. In addition, a full out-of-plane spin polarization results from the two-dimensional nature of both the electron motion and the potential gradient asymmetry. Since the Dyakanov-Perel spin relaxation is suppressed, very long spin lifetimes are characteristic for the studied systems. In particular, the WSe 2 monolayer exhibits great potential for application, e.g., for the realization of the spin field-effect transistor. 4, 36 Controlling the spin-orbit-induced spin splitting requires a split gate instead of a top gate because of the in-plane nature of the potential gradient asymmetry. 6 Remarkably, modifications of the electronic structure by the substrate can be avoided by preparing the monolayer systems on van der Waals-terminated surfaces due to an almost ideal electronic decoupling.
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